Exercise training has been identified as a highly promising approach for managing the cognitive consequences of multiple sclerosis (MS). This study represents a secondary analysis of resting-state functional connectivity (RSFC) magnetic resonance imaging data from a pilot treadmill walking exercise training intervention for improving cognitive processing speed (CPS) in MS. There were large intervention effects on RSFC between the thalamus and right superior frontal gyrus (d ¼ 1.92) and left medial frontal gyrus (d ¼ 1.70). There further were moderate-to-large intervention effects on CPS (d ¼ 0.72). Such preliminary data highlight FC within thalamocortical circuitry as a potential target for rehabilitation interventions for improving CPS in cognitively impaired individuals with MS.
Introduction
Exercise training has been identified as a highly promising approach for managing the pervasive and burdensome cognitive consequences of multiple sclerosis (MS). 1 However, little is known about its effects on central nervous system (CNS) structure and function in MS. This is inconsistent with burgeoning evidence for aerobic exercise traininginduced neuroplasticity based on changes in neuroimaging outcomes that explain cognitive improvements across the lifespan in the general population. 2 We have recently completed a successful, systematically developed, pilot, randomized controlled trial (RCT) demonstrating that progressive (i.e. both intensity and duration) treadmill walking exercise (TMWX) training improved cognitive processing speed (CPS) among fully ambulatory patients with MS. 3 However, no published RCTs of exercise training and cognition in MS have included neuroimaging approaches for measuring changes in brain function in networks important for CPS (i.e. thalamocortical network). 4 Such an investigation would provide preliminary but critical proof-ofconcept data for TMWX training as an approach for potentially inducing neuroplastic changes in functional connectivity within a select neural network associated with CPS in MS. To that end, the present pilot RCT examined the effect of progressive TMWX training on thalamocortical resting-state functional connectivity (RSFC) neuroimaging outcomes for explaining changes in CPS among eight fully ambulatory females with MS.
Methods

Participants
The current study represents a secondary analysis of functional magnetic resonance imaging data from a systematically developed pilot TMWX training
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intervention for improving cognition in eight fully ambulatory females with MS. 3 Outcome measures Thalamocortical RSFC. Thalamocortical RSFC was measured using a 10-minute resting-state scan on a United States Food and Drug-approved Siemens 3T MRI scanner. Seed-based RSFC was derived using Analysis of Functional NeuroImages (AFNI) software (http://afni.nimh.nih.gov/afni). We believe that the seed-based, targeted approach is advantageous over performing an independent-components analysis given our a priori hypothesis that TMWX training would influence thalamic/frontal RSFC based on task-dependent neuroplasticity 5 in networks previously linked with MS-related CPS impairment. 4 The data were checked for excessive motion (a shift of more than 3.5 mm, or one degree of angular motion) and for spikes (using the root mean squared error (RMSE) of each volume relative to a reference volume that was the volume half-way through the acquisition run). Data acquisition runs with excessive motion were discarded. Individual acquisitions with an RMSE amplitude that exceeded the 75th percentile plus the value of 150% of the interquartile range of RMSE for all volumes in a given run were excluded from further analysis using the "censorTR" function in 3dDeconvolve. The motion parameters from the realignment step were used as regressors of no interest in the deconvolution, and the residuals from the deconvolution were saved. Using a seed-based analytical approach in AFNI, a seed (3 mm radius) was centered in the bilateral thalamus (i.e. bilateral ventroposterior lateral nuclei). As we were interested in RSFC between the thalamus and frontal regions (i.e. superior, middle, inferior frontal gyri, respectively; medial frontal gyrus; anterior cingulate cortex; posterior cingulate cortex) a priori, we used those regions of interest (ROIs) to guide the voxel-wise analyses performed. Time series from the thalamic seed was correlated with the time series from every voxel in the aforementioned frontal ROIs. We then z-transformed the correlation coefficients (Fisher's z), and the resulting statistical maps were used in the grouplevel analyses. We used the Montreal Neurological Institute (MNI) atlas to create a mask that was applied to each participant's data after it had been warped into standard MNI space. (SDMT 6 ) as a CPS measure for examining the impact of potential exercise-related changes on thalamocortical RSFC.
CPS. We included the Symbol Digit Modalities Test
Cardiorespiratory fitness. We included a cardiorespiratory fitness measure (VO 2peak ) as a manipulation check for documenting the success of the intervention. 3 Intervention/Control conditions Details of the present supervised, 12-week TMWX training intervention and waitlist control conditions are reported elsewhere. 3 
Data analysis
We performed two-way repeated-measures analysesof-variance (ANOVAs) on the outcome measures. Given the small sample size, reaching statistical significance for SDMT scores and VO 2peak using ANOVA was unlikely. Thus, we computed effect sizes for changes in those outcomes per group as Cohen's d. 7 We report Spearman's (q) correlations for associations among changes in cardiorespiratory fitness (i.e. a surrogate for TMWX training), thalamocortical RSFC, and CPS. Effect sizes were interpreted based on established criteria. 7 
Results
Baseline demographic and clinical characteristics based on condition are provided in Table 1 .
There was a statistically significant group-by-time interaction on thalamic/right superior frontal gyrus Lastly, the change in VO 2peak was moderately associated with change in SDMT (q ¼ 0.37) performance. Collectively, this indicates interrelations among changes in VO 2peak (i.e. as a TMWX training adaptation), thalamocortical RSFC, and CPS. 
Discussion
This pilot RCT in MS provides preliminary efficacy data that 12 weeks of TMWX training resulted in large, statistically significant increases in thalamocortical RSFC and moderate-to-large, albeit nonsignificant, improvements in SDMT performance compared with the control condition. The increases in thalamocortical RSFC were moderately associated with CPS improvements. Overall, this pattern of preliminary results supports a potential adaptive compensatory mechanism whereby progressive TMWX training improves CPS through increased thalamocortical RSFC in fully ambulatory individuals with MS. These preliminary data provide an exciting springboard for examining exercise training as a rehabilitative approach for inducing beneficial changes (i.e. neuroplasticity) in neural networks that are particularly relevant for MS.
TMWX is a complex behavior with continuously changing multisensorial environmental demands. Successfully and rapidly adapting to such challenges requires enhanced communication between the thalamus and frontal cortex. 5 This especially might be the case for patients with MS, who might be particularly challenged by the complex task demands of TMWX. 2, 8 Indeed, engaging in chronic TMWX might repeatedly activate this network, resulting in increased thalamocortical RSFC over time (i.e. taskdependent neuroplasticity). The present results are consistent with this hypothesis as 12 weeks of supervised, progressive TMWX training resulted in increased thalamocortical RSFC and improved CPS in patients with MS. This extends previous results wherein single bouts of TMWX resulted in improved cognitive functions dependent on thalamic and frontal circuitry in MS. 9, 10 The present TMWX trainingrelated increases in thalamocortical RSFC might suggest that putative neural benefits of single bouts of TMWX might accumulate over time and result in meaningful improvements in brain function and CPS in individuals with MS. The inclusion of functional neuroimaging outcomes during the resting state provides a neural substrate for generalized TMWXrelated adaptations (i.e. core neuroplastic changes) resulting in improved CPS in this population.
There are study limitations. This study represents a secondary analysis of neuroimaging data from a pilot RCT on TMWX effects on cognition in fully ambulatory individuals with MS. 3 This study involved a small sample, and the results of this RCT are preliminary and require further examination and confirmation in larger MS samples.
We did not recruit participants a priori based on having impaired CPS. Accordingly, we are unable to consider TMWX training as a possible treatment of MS-related CPS dysfunction since not all participants had objective CPS impairment at baseline. There were possible clinically meaningful baseline differences between groups in thalamocortical RSFC, CPS, and cardiorespiratory fitness outcomes, whereby the intervention condition demonstrated lower baseline RSFC, CPS, and cardiorespiratory fitness compared with the control condition. The pattern of preliminary results indicated improvements in those outcomes for the intervention condition compared with slight decrements for the control condition. As such, it is possible that the changes represent regression to the mean rather than intervention effects per se. Unfortunately, the small sample size did not permit significance testing using analysis of covariance models, given the subsequent reduction in degrees of freedom when including baseline outcomes as covariates as well as the untenable assumption of homogeneity of regression slopes between groups. This limits the internal validity of the present pilot RCT, and the differential effects of the intervention versus the waitlist control condition on the primary outcomes should be interpreted with caution. Future RCTs of TMWX training on cognitive and neuroimaging outcomes in patients with MS might consider adopting a block randomization scheme, matching participants on baseline SDMT score. Lastly, though decreased RSFC in the control condition was unexpected, we speculate that a lack of physical activity engagement for those persons over the study period might explain such an observation.
Conclusions
This small pilot RCT provides preliminary proof-ofconcept data supporting progressive TMWX training for potentially inducing selective neuroplastic changes in thalamocortical RSFC, and possibly explaining CPS improvements in MS patients. Such preliminary data highlight functional connectivity within thalamocortical circuitry as a potential target for rehabilitation interventions for improving CPS in larger samples of cognitively impaired individuals with MS.
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